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ABSTRACT

Torok, J.. Buckley, L.P. and Woods, B.L., 1990. The separation of radionuclide migration by
solution and particle transport in soil. J. Contam. Hydrol., 6: 185-203.

Laboratory-scale lysimeter experiments were performed with simulated waste forms placed in
candidate buffer materials which have been chosen for a low-level radioactive waste repository.
Radionuclide releases into the efluent water and capture by the buffer material were determined.
The results could not be explained by traditional solution transport mechanisms, and particle
transport was suspected as the dominant mechanism for radionuclide release from the lysimeters.
To elucidate the relative contribution of particle and solution transport, lysimeter wastes were
replaced by & wafer of neutron-activated buffer soaked with selected soluble isotopes. Particle
transport was determined by the movement of gamma-emitting neutron-activation products
through the lysimeter. Particle capture filtration and adsorption coefficients were calculated.
Solution transport was quantified by comparing the migration of scluble radionuclides relative to
the transport of neutron-activation products. Distribution coefficients and rate constants of ra-
dionuclide desorption were calculated directly from buffer cores, and rate constants for radionu-
clide adsorption were then approximated. The resuits of this experiment and modelling of the
solution transport process were used to determine the radionuclide transport mechanism in
experiments with simulated waste forms in the lysimeters. The mechanisms are as follows: ¥'Cs
release is attributed to the adsorption of soluble ¥ Cs onto colloid clay particles followed by clay
particle transport; ¥ Co was incorporated as particles within the waste form and released as
colloids. The new approach presented here for monitoring radionuclide migration in soil facilitates
the determination of most of the fundamental coefficients required to model! the transport process.

INTRODUCTION

There are several potential mechanisms for the aqueous transport of radio-
nuclides in porous media. The most important mechanisms include solution
transport of ionized and complexed species, and particle transport of colloids
and pseudocolloids. To elucidate the dominant transport mechanism and hence
predict the long-term behaviour of radionuclides in natural or man-made
porous media, the accepted methodology is to match the experimental resuits
with its mathematical simulation. A close match is presumed to be a confir-
mation of the transport mechanism implicit in the simulation. The simulation
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of particle transport is especially difficult because of the large number of
parameters that have a major effect on the transport, such as surface charge,
particle size distribution, the degree of consolidation of the media ‘and
channeling in the media. The rather crude match between the experiments and
their simulation in natural systems is often attributed to the extreme spatial
variability of soil properties.

An approach is outlined where the contribution of particle transport and
solution transport of strongly adsorbing cations can readily be resolved and
quantified, irrespective of the structural inhomogeneities present in the porous
media. Basically the experiments invoive the introduction of dissolved radio-
active species in combination with their adsorbent into the porous media with
saturated or unsaturated flow passing through the media. A portion of the
adsorbent is neutron activated, equilibrated with the soluble radionuclide and
then introduced into the porous medium. Particle transport is determined by
the migration of neutron-activation products, while solution transport is
computed from the difference between the migration of dissolved radionuclides
and neutron-activation products. In the experiment outlined in this paper, the
migration of soluble ¥Co, ®*Sr and “'Cs and neutron-activated clay were
monitored simultaneously. Champlin and Eichholz (1976) performed
experiments very similar to the ones reported here. They introduced neutron-
activated kaolin, a soluble salt of ®Rb, and "“La-labeled bacteria into a soil
column. However, they did not observe transport of radionuclides by the
neutron-activated kaolin pseudocolloids because *Rb migrated exclusively by
solution transport mechanism due to its low distribution coefficient, and thus
the contribution of the solution and particle transport mechanisms for this
isotope did not need to be isolated.

The experimental approach outlined above was used in the analysis of
combined radionuclide leaching and migration studies in laboratory-scale
lysimeter experiments. There are several advantages to the performance of
lysimeter experiments as opposed to a mathematical combination of the results
of leaching and transport experiments usually done in repository modelling.
Radionuclides are not necessarily released from the waste forms as dissolved
ionized species as generally assumed for the source term in transport
experiments, but may also be incorporated into insoluble particles andfor
organic complexes. Lysimeters also realistically simulate the inhomogeneities

of repositories and the physical and chemical environment present in the
repositories.

LABORATORY-SCALE LYSIMETER EXPERIMENTS

The development of the approach outlined in the Introduction was
prompted by difficulties in the interpretation of laboratory-scale lysimeter
results (Buckley et al., 1987). The lysimeters formed part of a program to qualify
an engineered barrier, i.e. a buffer layer placed at the bottom of a low-level
radiocative waste repository, designed to effectively retard the migration of
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g. 2. Radionuclide release from lyslmgter containing activated clay and dissolved radionuclides
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Lysimeters containing neutron-activated clay

Only results from one of the two lysimeter experiments are reported for
brevity. The results from the two experiments were very similar. Gamma
spectrometry of the effluent water from the lysimeter containing activated
buffer and dissolved radionuclides is illustrated in Fig. 2. The data are
presented as the cumulative fraction of inventory eluted as a function of square
root of the effluent volume, Clay particle transport can be estimated from ®Co,
adominant gamma-emitting activation product. Dissolved radionuclides added
to the activated buffer and released from the lysimeter are included in Fig. 2.
the elution pattern of ®Sr is very similar to the elution pattern of the other
activated and dissolved radionuclides albeit at ~ 10% of their relative con-
centrations. The concentrations of the radionuclides from a vertical buffer core
taken at the end of the experiment are presented in Fig. 3. The elution pattern
for®Co, a tracer for the clay particles, and the pattern for 8Co and " Cs in both
the effluent water and in the buffer cores are very gimilar and suggest that the
Jatter two radionuclides were strongly bound to clay particles and were eluted
with them with only limited desorption taking place during transport.

Solution transport. In Fig. 3, solution transport causes the ¥ Cs peak to shift
~1.5mm downstream from the ®Co peak. From this shift and the total linear
displacement of water during infiltration, the retardation factor of 375, corre-
sponding to a distribution coefficient (K,) of 79, was calculated. The *Co data
points were too few to facilitate a detailed analysis of peak shape, though it’
appears to be identical to the particle transport rate because the available data
points nearly coincide with one of the activation products: ®Co. The *Sr peak
migrated downstream 14mm and also broadened, consistent with-a liquid-
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Fig. 3. Radionuclide concentration in lysimeter core containing activated clay and dissolved

radionuclides.
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A semi-logarithmic plot of the ratio of (** Cs]/[® Co] as a function of distance
in the lysimeter is presented in Fig. 7. The slope of the line is equal to ~ G/V
from eq. 3. The pore-water velocity in the lysimeter was 2.67mm h-'. The
desorption rate constant is thus 2.8 - 10"°s"', corresponding to a desorption
half-life of 6.3h. A similar calculation for *Sr was not possible from this
experiment because the peak has migrated too far downstream in the buffer
medium and thus it masks most of the activity deposited by particle transport.

Calculation of the adsorption rate constant

As indicated before, at equilibrium the adsorption and desorption rates are
equal. If we assume adsorption is a first-order process than from the desorption |
rate constant calculated on p. 191 and the distribution coefficients (K,)
calculated from peak shifts, the adsorption rate constant, 4, can be calculated:
A = GKd (4)

The calculated adsorption rate constant for "Cs is 8.3 - 10~%s~' correspond-
ing to an adsorption halflife of 1.4min. The value of the adsorption rate
constant is only approximate because the distribution coefficient was obtained
for the buffer material and the forward rate constant for the colloid clay
particles responsible for particulate transport. Thus the validity of the
estimate for adsorption coefficient is dependent on the close correspondence
between the above two distribution coefficients. Sheppard et al. (1980) found

that Cs is attached to clay particles in proportion to the particle volume and
thus the mobile colloid particles at the smaller end of the soil particle size
distribution may have similar distribution coefficient as the bulk stationary

particles.

MECHANISM OF RADIONUCLIDE TRANSPORT WITH BITUMINIZED SODIUM
PHOSPHATE WASTE FORMS

Data from lysimeters containing two candidate buffer materials, sand—clay
and sand-clinoptilolite mixtures, were analyzed to explore differences in the
transport mechanism. Lysimeter operating conditions are listed in Table 1.

Experiments with sand—clay buffer

To compare the lysimeter experiments with activated clay and with bitumi-
nized sodium phosphate waste forms, the following calculations were

performed: : _
(a) The laboratory leach results of bituminized sodium phosphate waste

form (BW) with deionized water as leachant were used as source term for 'Cs
and ©Co. They are plotted in Figs. 8 and 9, respectively.

(b) Soluble radionuclide release data from the lysimeter containing neu-
tron-activated clay (NAC) were combined into a mathematical model of the

lysimeter.
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TABLE 1

Lysimeter operating conditions

Hydrodynamics

pore-water velocity 27mmh-!
water infiltration rate 0.96kgm~*h-!
degree of gaturation * 100%
Lysimeter cross-sectional 0.073m?
area
Waste form composition 40 wt.% trisodium phosphate
in bitumin containing
WCs,%Sr and ¥Co
size in lysimeter experiments 4.7cm diameter, 5cm high
size in leaching experiments 2.5cm diameter, 6 cm high
Buffer 80:10 sand-clay
bulk density 1.72Mgm-?
porosity 0.361 m*m~?

The following approach was used in the simulation of particle transport in
the lysimeter containing bituminized waste. The results of activity released in
laboratory leaching tests of BW was arbitrarily divided into twelve equal time
periods. The radio-activity leached in each time period was then used as a
source term in the next stage of the calculation, where activity release from the
lysimeter was computed from the experiments with NAC. Computed release
from each time period was then summed to obtain the total release. The above
approach to the calculation is illustrated in Fig. 10.

For the lysimeter containing the neutron-activated clay, all of the soluble
radionuclides are adsorbed by the buffer at the beginning of the experiment; for
the lysimeter containing bituminized sodium phosphate, the radionuclides are
released gradually. The assumptions in the above model are that the radio-
nuclides leave the bituminized waste form as dissolved species and are che-
misorbed on the surface of the buffer components adjacent to the waste form.
The radionuclides then move through the buffer layer primarily by particle
transport. Results of these calculations, the waste form leaching results, and

the actual radionuclide release from the lysimeters are presented in Figs. 8 and
9 for "'Cs and ®Co, respectively.

Cesium transport mechanism

In Fig. 8, a comparison of the waste-form '¥Cs leach rate and release rate
from the lysimeter indicates a significant retardation of ' Cs in the buffer layer
with the amount released about three orders of magnitude lower than the
amount leached. Calculated and actual release from the lysimeter differ by
about a factor of 2-8, a relatively small difference compared to the capture of
''Cs by the buffer layer. Thus, the leaching and transport mechanism assumed
in the model outlined above is plausible for '¥'Cs.
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1965) and since clay has a negative charge, the cobalt colloid would be expected
to be absorbed by the buffer upon release. Based on the observed high mobility
of the ®Co in the lysimeters, it is more likely that the ©Co was incorporated
into the crystal structure of other, negatively charged colloids in the waste
form. If the ® Co in the waste form is associated with small collid particles, then
following release from the waste form, a large portion of these particles pass
through the buffer without capture. This contrasts (g migration, where the
radionuclide is released from the waste form as dissolved species and only a
portion is captured by the clay colloids, and most of it fixed on immobile soil.

We have carefully examined the possibility of solution transport being
responsible for ®Co release because it is the only plausible alternative to
colloid transport. Batch distribution coefficient experiments indicate that the
®Co distribution coefficient is lowered by phosphate ions by over an order of
magnitude to ~ 60 (Buckley et al., 1987). We also computed distribution coef-
ficients from the radionuclide content of the liquid effluent released from the
lysimeter at the end of the experiment and the radionuclide content of the
bottom buffer core. For *Co, the geometric means distribution coefficient is 28
for 10 lysimeters containing bituminized or compacted waste forms. To
differentiate between the two potential ®Co transport mechanisms, the
solution transport of ®Co in the lysimeter was simulated using a one-dimen-
sional solution transport model. This model predicted the breakthrough of ®Co
much later than observed, and soil ®Co contents two to three orders of
magnitude higher than observed. Thus, the magnitude and shape of the experi-

mental curves are inconsistent with the solution transport mechanism.

Strontium transport mechanism

Due to water infiltration, there is a net migration of dissolved radionuclides
and suspended colloid particles. The radionuclide peak migrates at a velocity
equal to water velocity divided by the retardation coefficient. The colloid
particles migrate at a velocity that is very near or equal to the water velocity.
The particle moves ahead of the radionuclide peak, and enters a region where
the radionuclide concentration in solution is orders of magnitude lower than
in its previous environment. The rate of radionuclide adsorption becomes
negligible and the particle loses its radionuclide content at a rate equal to the
desorption rate. Since the desorption rate of radionuclides is expected to be low
for radionuclides with high distribution coefficients, and high for radionuclides
with low distribution coefficients, the radionuclide concentration in the initial
breakthrough by particle transport is expected to be in the reverse sequence
when compared to breakthrough by solution transport. '

While the relative fraction of radionuclides released from the activated clay
lysimeter was in the order: *Co > '7Cs > #gr the order in nearly all of the
bituminized sodium phosphate lysimeters was: *Co > ®Sr > "'Cs.In Table 2,
the average distribution coefficients for batch and lysimeter experiments are
summarized. It is apparent that the addition of phosphate reduces the WCs
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TABLE 2

Summary of distribution coefficients from batch determinations and lysimeter containing neutron
activated clay

Source Water chemistry Distribution

coefficient (1kg™")

®Co "“'Cs %Sr

Batch experiments (Buckley et sl., 1987) local groundwater 900 7,300 14

demineralized water with phosphate 64 520 >10
Lysimeter containing neutron-activated local groundwater n.a. 79 8
clay (Torok et al., 1988)

n.a. = not available.

distribution coefficient and substantially increases the ®Sr distribution coef-
ficient. If we assume that both isotopes are transported by mobile clay colloids,
then based on the principles outlined above, the change in relative concentra.
tions can be attributed to the changes in distribution coefficients. However, it
is difficult to explain how the sparingly soluble strontium phosphate is im-
mobilized on colloid clay particles. Thus, further experiments are required to

understand *Sr tansport in the presence of phosphate ions in the sand—clay
mix.

Experiments with sand-clinoptilolite buffer

Two of the lysimeters contained bituminized sodium phosphate waste form
and the buffer was 90wt.% sand-10wt.% clinoptilolite. The clinoptilolite
particles were the same size range as the sand, but contained some bentonite
clay that readily washed out of its structure. Radionuclide concentration in the
buffer below the waste form is presented in Fig. 11. According to filtration
theory, the capture of monodispersed colloids in a packed bed would result in
a linear relationship in Fig. 11 (Saltelli et al., 1984), the filtration of polydis-
persed particles results in a concave curvilinear relationship. The nearly linear
curve for ®Co suggests that the cobalt colloid is approximately monodispersed.
In this experiment, '¥Cs and ®Sr isotopes had identical concentration profiles
and thus they were likely transported by an identical mechanism, most
probably by polydispersed bentonite clay particles suggested by the concave
curve in Fig. 11. Ohtsuka et al. (1988) found very similar radionuclide con-

centration profiles in a saturated sand aquifer for *'Cs and % Co. They also
attributed their finding to particle transport.

The effect of transients on radionuclide release

The hydrodynamic properties of freshly packed buffer are quite different
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radioactive waste repository. Efluent water from the lysimeters and the buffer
below the waste form were analyzed for their radionuclide content. The results
could not be explained by the traditional solution transport mechanisms, and
particle transport was suspected as the dominant mechanism for radionuclide
release from the lysimeters. To determine the relative contribution of particle
movement to radionuclide transport, several experiments were performed
where the waste form was replaced by a layer of buffer containing neutron-
activated clay soaked with a solution of water-soluble salts of '*'Cs, ®Sr and
%Co prior to placement in the lysimeter. Based on the following evidence, it
was concluded that particle transport was responsible for the release of the
majority of radionuclides into the efluent water:

(a) The release pattern of clay particles, as traced by neutron-activation
products in the efluent water; and the three soluble radionuclides were similar,
although a smaller fraction of the soluble isotopes was released.

(b) The concentration profiles of *'Cs, ®Co and the neutron-activation
products in the buffer core downstream of the waste form were similar. The
differences between the concentration profiles could readily be accounted for
by solution transport.

The buffer cores provided the most useful information. The following
parameter values were calculated and can be directly used in the modeling of
the combined particle-solution transport mechanism:

(1) the filtration coefficient, calculated from the concentration profile of
neutron-activation products was 0.3mm " ';

(2) the particle adsorption coefficient calculated in a similar manner was
0.08mm"!;

(3) the distribution coefficient, computed from the displacement of the
soluble radionuclide peaks relative to the neutron-activation product peak was
79 for 'Y Cs and 8 for *Sr;

(4) the desorption rate constant of the soluble radionuclide calculated from
the ratio of soluble radionuclide concentration to activation product con-
centration in the region where particle transport dominates was 2.8 - 10" %g-!
for ""Cs corresponding to a desorption half-life of 6.3 h; and

(5) the adsorption rate constant approximated from the distribution coeff-
cient and the desorption rate constant was found to be 8.3 - 10-2g-! equivalent
to an adsorption half-life of 1.4 min for the same isotope.

When particle transport dominates the release of radio-nuclides through a
medium, i.e. before the solution transported radionuclides break through, the
relative concentration of radionuclides can be ranked according to their distri-
bution coefficient. Therefore, radionuclides with the highest distribution coeffi-
cient should have the highest concentration in the efluent water because they
lose the smallest fraction of activity by desorption during transport of particles
through the media. ’

" The mechanism of radionuclide transport in lysimeters containing
simulated waste forms, such as radionuclide-doped trisodium phosphate in
bitumen, was evaluated based in part on the above findings. Experiments with
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two candidate buffers were assessed: 90:10 sand-clay mix and 90:10 sand-
inoptilolite mix. ) !
Ch;l: fysimeters containing the sand—clay mix, the release pattern cl\; WCs clould
be predicted from the combination of waste form leach data fmd Cs ;e e.t:::
from the lysimeter containing activated clay. Thus the most likely mechani
of release with the effluent water is: .
(1) the release of the dissolved lsot‘ope from the waste form;
(2) adsorption on colloid clay particles, followed by

3) particle transport. ' . .
SI’})lepreleatse pattern and concentration profile in the buffer core for ®*Co are

not consistent with a solution transport mechanism. Similar calculations fo:l-
©(Co as done for '*'Cs predicted a release orders of magnitude lowelxa-.'tha:; actuat
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and transported as a component of the co ‘ [lerat on
i i ighly charged negative particles.
flicient suggests small size and/or hx'gh / es. Tl
zz:essment ofg“Sr transport mechanism is probably the most difficult primarily
ili i hosphate.
due to the low solubility of strontium p \ )
Clinoptilolite contains a few percent bentonite qlay tha.t reat'illy'wasbe: out
of the pore structure. In lysimeters containing a sand—clmoptnlolmlz mix ltlr:s,
the ®Co release is consistent with the mec};’amsm lpostulated fo?‘de}r’:ir::l ein
ini i %Sr and 'Cs releases were 1
containing sand—clay mix. The “Sr : .
duplicate lysimeter experiments suggesting the same trgnsport me_ch:l:ulm éz:
both. Based on the shape of the radionuclide concentration profile in the bu

TABLE 3

Redionuclide transport mechanisms in lysimeter experiments

Waste form Buffer Radionuclide
®Co or *Co WCs ®Sr
i : icle clay particle clay particle
Activated clay 90: 10 sand—clay ¢:ln';ra 1::1:0 it e zmm?ort R
solution trans- solution solution
port transport transport
(Ky = 79) (Ky = 8)
i lay particle ?
Trisodi hate 90:10 sand—clay cobalt hydroxide ¢
in bilt‘\l:;::o‘p ’ particle trans- transport
port
i i bentonite
isodi : d-clino cobalt hydroxide bentonite ) ]
Tf_lso\‘l}\lm Phosphate fgoll?t:an > particle trans- clay particle clay particle
in bitumen port transport transport
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core, the transport of both radionuclides by polydispersed bentonite particles
is postulated. Because clinoptilolite has a very high distribution coefficient for
all three of the radionuclides, the significant migration observed could not be
attributed to solution transport. In lysimeter experiments, unconsolidated
buffers were used. Buffer restructuring during infiltration exaggerates the
contribution of particle transport. Radionuclide transport mechanisms are
summarized in Table 3 and clearly reflect the importance of particle transport.

APPENDIX — FILTRATION AND COMBINED FILTRATION: RADIONUCLIDE DESORPTION
EQUATION

For radionuclides preduced by neutron activation, the mechanism of transport is by particle
release, particle movement by the action of water and capture by the bed downstream. Particle
capture is a first-order process. The filtration coefficient, w, is applicable to mono-dispersed
particles and is defined as the fraction of particles removed per unit bed depth. Consider a buffer
column with a cross-sectional area A, and with particulate laden water percolating through it at
a pore-water velocity of Vems®!. Compute a mass balance for a radionuclide that is a neutron-
activation product for a section X cm downstream with thickness d.Xcm.

>~ X »>|edX »

Bufter column

Concentration : C-0C11 CedCr?

(input) - (output) = (accumulation)
(C - dC/2)VA - (C + dC/2)VA = CVAwdX
dC = -CwdX and dC/ = ~wdX

upon integration:
In CIC, = -wX (A1)

where C = concentration of radionuclide (neutron-activation product).

For adsorbed radionuclides in addition to the filtration process described above, the radio-
nuclide desorption process is also responsible for radionuclide transfer from the solution to the
packed bed. Applying the mass-balance equation for an adsorbed radionuclide and assuming
first-order kinetics for the desorption process:

T(C* - dCM2)VA - (C* + dCY2)VA = C'VAwdX + C*VAGd: (A-2)

where G = first-order rate constant for radionuclide desorption; d¢ = residence time for particle
in buffer core dX cm long; and C* = concentration of adsorbed radionuclide.
"Assuming that the particles travel at the same velocity as the pore water:

Vdt = dX (A3)
Combining eqs. A-2 and A-3, we get:

dC*C* = -—uwdX - (GIVXX

and upon integration:

In (CIC}) = wX - (GIVX (A49)
Substituting eq. A-1 into eq. A-4 we get:

In (CC) = N(GIC,) ~ (GIVX
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